Cascade or multistage equipment is characterized by the repetition of similar equipment elements in series. Process design, resulting into the main geometric and kinematic dimensions of the equipment, makes use of different strategies. These strategies, based on a process description, the (equality-and inequality) constraints and the number of degrees of freedom of the mathematical system, which describes the process, can be divided in synchronous-and sequential procedures. In a synchronous strategy no a priori requirements are made as to the distribution of a given process variable over the stages, so that the equipment dimensions are obtained simultaneously. In contrast to this a sequential strategy makes use of a priori statements resulting into stage-to-stage calculations and a decreasing number of degrees of freedom. The general theory presented with detailed information on process description, constraints and degrees of freedom, has been applied to the process design of a multi-stage centrifugal compressor.
Conceptual definitions
In a first approach chemical equipment behaviour may be characterized by the two general notions of extensity and intensity. The equipment extensity is related to the outer conditions of inputflow and supply of energy. The equipment intensity follows from the inner conditions for the process which is carried out in the apparatus and describes the required state of the process at the output in terms of pressure, temperature and concentrations as a function of the input conditions. Now, chemical equipment may be considered as an arrangement of one or more essential equipment elements, connected either in parallel or in series. Obviously, large extensity values correspond with large sizes of equipment elements, eventually connected in parallel. Equipment, having high intensity values, may be realized by connecting the elements in series. The latter type of equipment is also indicated as cascade equipment.
I n a subsequent exploration of the title of this contribution the notions of process design, synchronous and sequential strategies need further explanation: if it is assumed that design is related to dimensioning and construction of equipment then the term process design, in the sense it is used in this text, is limited to procedures which lead to a quantitative determination of the main geometrical and kinematical dimensions of chemical equipment. The important problems of the selection of materials of construction, of the estimation of mechanical strength and of the details of construction are excluded.
As has already been mentioned, process design is also a procedurial operation which, for cascade equipment, may be distinguished in synchronous and sequential (or diachronic) strategies.
A synchronous strategy is characterized by the fact that the main dimensions of the equipment elements are calculated simultaneously. In this case the relational coupling between the eauiument elements has been taken into account and no conditions have been made about a priori distributions of one or more variables over the elements. An advantage of this strategy is the larger number of degrees of freedom in the design, resulting into a larger "design space" of the apparatus; a disadvantage may be the more extensive calculations that have to be carried out in combination with the check on the calculation results in order to meet given practical requirements. A sequential strategy is characterized by a one-to-one calculation of the equipment elements so that at first the dimensions of the first element are calculated, then those of the second element and so on. I t is clear that a sequential strategy can only be established by relational de-coupling of the equipment elements, which may be realized by assuming given a priori distributions of the coupling variables over the elements.
I t goes without saying that the sequential strategy leads to a decrease of the design space; on the other hand the computations are less time-consuming while the calculation results can be better controlled by an effective choice of the distribution functions as mentioned before.
A general theory of process design
As already outlined before, the aim of process design is the determination of the main (geometrical and kinematical) dimensions of chemical equipment. The design strategy for cascade equipment which may be divided into a synchronous and a sequential procedure, makes use of a relevant process description, a set of constraints and an objective function to enable an optimal design.
The relations of the p r o c e s s d e s c r i p t i o n P may be described more precisely as:
-laws of conservation (of mass, energy and momentum),
-equilibrium relations (of a thermodynamical nature),
-interrelationships, subdivided in theoretical relations (e.g. viscosity as a function of temperature) and empiri- cal relations (e.g. some dimensionless engineering correlations),
-definitions.
The s e t o f c o n s t r a i n t s C is composed of a number of relations which may be defined by the following two aspects:
-mathematically, the relations can be divided in equalities -the constraints may refer to either process or to equipand in inequalities, ment conditions.
Obviously, the distinction between the process description P and the process equality constraints is rather vague; moreover the equipment equality constraints can, in most cases, be translated in process conditions so that it can be argued that mathematically there is no difference between the relations of the process description P and the equality constraints. The inequalities either refer to process requirements on pressures P (or velocities), temperatures T and concentrations C or to equipment requirements on strength and reliability. The process inequalities may be derived from ecological, social or inherent technical considerations, whereas the equipment inequalities in most cases refer to technical requirements exclusively. In process design the latter requirements are not considered.
The o b j e c t i v e f u n c t i o n 0, consisting of one or more equality relations between the pertinent variables of the process is the function with respect to which the design is optimized. This function may have a twofold character:
-if for example the objective function indicates a maximum capacity or a minimum formation of byproduct then the function 0 is of a physical or technical nature and may be considered to be equivalent to the relations of the process description P,
-if however, the objective function is the expression of a quantitative valuation so that for example the total costs will be minimized then the function 0 has an economical character which has to be distinguished from the process relations P.
Within the context of this study optimization has not been emphasized.
The n u m b e r o f d e g r e e s of f r e e d o m F plays a very important role in the process design of equipment and can be easily calculated from the number of variables n and the number of equality relations m according to:
in which the integer F 2 0. The degrees of freedom F also denoted as design variables have to be selected from the total number n of variables. It is clear that a statistical selection is unsatisfactory; therefore a more "deterministic" procedure has been developed in which the following rules are taken into account:
-variables, having only discrete values, are taken as design variables,
-continuous variables, with appreciable restrictions of the interval of values are recommended as design variables, input variables are either fixed or design variables, for constructional purposes it may be wise to take those variables as design variables which indicate geometrical (and/or kinematical) properties of the apparatus to be designed, the selection of design variables may be carried out in such a way as to minimize the number of iteration loops in the computation system, which may eventually result into an a-cyclic computation structure.
The number of degrees of freedom in combination with the flexibility in the values of the design variables determines the extensiveness of the design: the so-called d e s i g n s p a c e . Any real solution of the design problem is a "point in the design space". As was already pointed out in the first section the design strategies of cascade equipment could be defined as synchronous and sequential strategies respectively, in accordance with the fact that whether or not the design problem was solved simultaneously.
Due to relational coupling between the elements, in a synchronous design of cascade equipment a cyclic computationstructure may be expected.
A sequential design strategy can be established if the relational coupling between the elements is eliminated (at the expense of the number of degrees of freedom). That means a decrease in the number of design variables and consequently a decrease in design space.
In this case, at least with respect to the subsequent cascades of the equipment, an a-cyclic computation structure can be obtained. Schematically both design strategies may be represented as given in Figure 1 . Figure 1 . Schematical representation of synchronous and sequential strategies; H input variable, ++ design variable, -+ output variable.
Application to the design of a multi-stage turbocompressor
The general design theory developed in the second section will be made more specific by application to the design of a given type of cascade equipment: the multi-stage turbocompressor. The statement of the design problem is as follows: determine the main dimensions of a compressor for a given mass flow rate @, , , , specified input conditions as to pressure and temperature and for a required total head H . It will be assumed that the range of volume flow rate @o = Q r n /~o and of total head H is such that a multi-stage turbocompressor has to be selected.
Process description P and constraints C
As was already outlined above, the process description P may be systematically classified according to the following scheme valid for a given stage z:
laws of conservation 
The set of constraints C may consist of the following equality relations:
A , = * ( 2 g h,)1/4 . @; ? : . d, 2 the process requirement for the total head z
-the connections between the cascades
-the a priori distribution of the partial heads
The inequality constraints refer to limitations in rotating speed, impeller diameter and maximum allowable number of impellers per shaft.
Design strategy and design space
The number of degrees of freedom F is determined from the number of relevant variables and the number of equality relations; in Table 1 the computation of F is given for a synchronous strategy and for a sequential strategy (in which relation (9) is included).
The selection of the design variables obviously must include the number of impellers 2, so that in a synchronous design strategy as many design variables may be left as there are impellers. In a sequential design strategy however, only one design variable remains to be selected, independent of the number of impellers! The design strategy may be represented schematically in a so-called computation structure [2]; in Figure 2 the synchronous design strategy for 2 = 3 is given, whereas in Figure 3 also for 2 = 3 the sequential procedure has been considered. A comparison between both strategies gives rise to the following conclusions:
-from a design standpoint of view a synchronous strategy leads to a design space which is much more extended than in the case of a sequential strategy;
